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Introduction
The Earth's surface is dominated by oceans, seas, and glaciers, but geological surveys indicate only 0.8% of these water resources meet the minimum standard for freshwater adequate for human consumption 1 . Additionally, agriculture and poor irrigation practices [2] [3] , mining operations [4] [5] [6] , industrial production [7] [8] , and other human activity 9 can produce significant amounts of wastewater that must be treated before it can be reused or discharged to the environment without a significant ecological impact. Efficient water desalination is already is vital and will continue to be to sustain the quality of life for societies living without sufficient access to freshwater.
Membrane processes, the most commonly implemented being reverse osmosis (RO) 10 ,
are playing a larger role in desalination because the energy costs per volume of freshwater produced are an order of magnitude lower than the costs associated with thermal desalting processes [11] [12] . In RO, water is desalted via pressurized flow past a salt-selective membrane which produces two product streams: a desalted permeate stream and a retentate stream of concentrated brine. Although RO has been proven to be a robust process, challenges remain to fully optimize RO membranes to increase throughput and lower power consumption. These challenges may be addressed by manipulating the structure and composition of the RO membrane 10, 13 . Currently, state-of-the-art thin film composite RO membranes are comprised of two or more layers: 1) a dense polyamide selective layer deposited through interfacial polymerization that accomplishes the separation, 2) a polysulfone or polyethersulfone support layer to provide a mechanically robust, porous support for the selective layer, and optionally 3)
polyester or other backing materials for mounting the RO membrane into an appropriate module 14 .
While a number of transport mechanisms can partially describe the flux of solvated ions and water through the selective layer, the exact mechanism is the subject of debate. It is generally accepted that solvated ions diffuse at a slower rate than water molecules through the polymer matrix 15 . The rate of diffusion through a dense polymer layer is a function of several factors, including the hydrodynamic radius of the molecule, the charge or lack thereof on the molecule, and environmental factors such as temperature and applied pressure that affect the activity and chemical potential of the molecules 16 . Note the hydrodynamic radius of a diffusing ion is not simply the radius of the ion or the polyatomic species, but also includes the shell of closely hydrogen-bonded water molecules around the ion, termed a solvated ion. The size of the solvation shell is a function of the attractive electrostatic forces between the ion and the oppositely-charged dipole of the water molecules and the repulsive forces between the nuclei [17] [18] . These solvation shells increase the effective size of the solute to the order of a single nanometer for common monatomic ions like sodium and chloride to several nanometers for larger polyatomic ions such as sulfates, with lighter monatomic ions being relatively larger than heavier monatomic ions due to the increased charge density [19] [20] [21] .
There is an inverse relationship between salt rejection and water flux, and manipulating membrane properties such as the porosity of either the selective or support layer to maximize one desired attribute will reduce the other. To address this trade-off, researchers have investigated the use of nanostructured materials that enable less-hindered water transport while still providing mechanisms for salt rejection in the membrane 22 . The literature on nanostructured materials for RO membranes contains experimental and theoretical work on selective layers using carbon nanotubes 23 , graphene 24 , metal oxide nanoparticles [25] [26] , and zeolites 27 with varying degrees of success. Underlying these investigations is the hypothesis that the incorporation of impermeable nanomaterials into a selective layer introduces effective nano-sized channels inhibiting the flux of large solutes. Particularly, the focus is on developing channels or pores with a length scale on the order of 1 nm, which enables solute rejection via size exclusion 28 , as this number is between the hydrodynamic radius of a water molecule and small solvated ions such as Na + and Cl -15 . For this reason, we are interested in the use of laponite clay, a high-aspect ratio nano-platelet that may be layered into films to form highly tortuous diffusive pathways for solvated ions. Claycontaining ceramic membranes have been used with some success in water microfiltration applications 29 and oil-water separations 30 , while recent research into the use of similar composite thin films as selective layers in RO membranes has primarily focused on the incorporation of carbon nanotubes and zeolites 22 . More generally, polymer-clay composites have unique properties that have been utilized in a number of applications including gas barriers [31] [32] [33] [34] , medical devices and biocompatible materials [35] [36] [37] , and the release of chemical agents 38 .
Many of the assembly techniques commonly used to incorporate these nanomaterials into membranes, such as the inclusion of nanoparticles to the polymerization step of the selective layer or the phase inversion processing of the support layer, generate composites with a disordered internal structure that do not form uniform barrier layers. A potential improvement to this approach would be to build a more uniform selective layer through a sequential assembly process, enabling finer control over the internal structure of the selective layer. The layer-bylayer (LbL) assembly process, in which thin films are assembled via the sequential deposition of film components with complementary functionality such as electrostatic interactions 39 , is one such method to accomplish this control while enabling the construction of highly conformal thin films atop a range of porous supports. The composition of LbL films can be varied through the manipulation of process conditions such as deposition times, concentration of the adsorbing solutions, and ionic strength of the film components [40] [41] . Aerosolizing the film components with a forcing gas and spraying onto the substrate in what is termed Spray Layer-by-Layer (SprayLbL) assembly can decrease the processing time for depositing large films by an order of magnitude 42 and further enhance the lateral order of nanomaterials incorporated in the film.
Previous research has examined the use of LbL films containing polyelectrolytes [43] [44] [45] [46] [47] [48] [49] and metalion complexed polymers 50 has been conducted on dip-assembled and spin-assembled LbL films to serve as selective layers in osmotic membranes. The flexibility of the LbL assembly process enables the incorporation of clay platelets into LbL-assembled films [51] [52] [53] , but there is a gap in the scientific literature concerning the use of LbL to generate nanostructured clay composite selective layers for RO membranes.
In this work, we investigate several spray-LbL assembled film architectures that consist of laponite clay layers (LAP) and polyelectrolyte layers. Analogous to what is observed in models for composite polymer-clay membranes used in gas permeation applications 54 , we hypothesize alternating layers of clay intercalated with polyelectrolytes will increase the tortuosity of the diffusive path length for solutes and introduce size-exclusive transport mechanisms that impact the transport of solvated ions to a greater degree than for smaller water molecules. We ground this hypothesis in three primary observations: first, prior work has shown laponite clay-containing thin films inhibit the in-plane mobility of Li + ions by up to two orders of magnitude compared to the cross-plane mobility, thus serving as a barrier to ion mobility 55 .
Second, incorporation of clay platelets into polymer composites was found to significantly increase selectivity in gas barrier and separation membranes, showing that LbL-assembled clay composites serve as an effective small molecule barrier [31] [32] [33] [34] . Third, recent studies on RO membranes containing inorganic nanoscale materials suggest the possibility of preferential water flow channels through the composite membrane 15 . Through tuning of the LbL assembly conditions, films can be assembled with a relatively high degree of incorporation of nanomaterial into the polymer matrix, on the order of 50% of the weight fraction of the film 56 , compared to weight fractions under 10% observed in traditional polymer composites [57] [58] . We believe an increased quantity of nanostructured materials can further enhance selectivity in RO membranes.
Results and Discussion
In this work, the spray-LbL assembly technique is used to deposit composite thin films containing LAP on polyethersulfone ultrafiltration membranes to generate novel RO membranes.
LAP clay platelets were selected for the composite film assembly for three reasons. First, the cation-exchanged platelets have a negative surface charge and thus can be incorporated into LbL film architectures. Second, the platelets have a flat disc-like geometry with an aspect ratio of approximately 25:1 59 to 30:1 60 , and can be layered into films aligned with the membrane surface as shown in Figure 1 . Three, LAP clay has a smaller particle size than other silicate clays such as montmorillonite, and thus is more compatible with the aerosolization technologies used in spray-LbL deposition. These features make LAP clay platelets ideal for the spray-LbL deposition of these types of clay composite thin films.
We examine two composite film architectures, the first containing the strong polycation poly(diallyldimethylammonium) (PDAC) and laponite (LAP) clay, shown in Figure 1a . For this film architecture, we control the composition of clay in the film by adjusting the spray times of the two film components. For the first film, the PDAC spray time was held constant at 3 seconds and the LAP clay spray time was held at 3 seconds (3s:3s); for the second bilayer composite film, the LAP clay spray time was increased to 9 seconds (3s:9s).
The second is a cross-linked tetralayer architecture of poly(allylamine) (PAH) and poly(acrylic acid) (PAA) bilayers between clay-containing bilayers of PAH and LAP, shown in Figure 1b . As both PAH and PAA are weak polyelectrolytes their degree of ionization depend on assembly pH. We examined films assembled at pH 5 and pH 6, which yield different film properties. Both the pH 5 and pH 6 films swell under aqueous conditions, as is expected for most LbL polyelectrolyte film systems, so thermal cross-linking 61 was used to form covalent bonds in the polymer matrix to lower film swelling. This additional step maintains the average spacing between layers of clay platelets to maintain an effective barrier layer, while toughening the polymer matrix and increasing the overall hardness and elastic modulus of the film, a phenomenon observed in prior research on polymer-clay nanocomposite films 62 . Finally, a cross-linked (PAH/PAA) film assembled at pH 5.0 without clay was used as a control system. per bilayer, approximately 84% thicker. This corresponds to an increase in the clay content of the films from 52% at 3s:3s to 83% at 3s:9s (Table 1) , indicating the increase in thickness is correlated with the additional incorporation of LAP into the film. The increase in clay content with longer spray times indicates that for these LAP containing film architectures, the spray-LbL deposition does not achieve full equilibrium at the film interface per layer deposition. Rather, more clay is deposited at longer exposures, which suggests kinetic control of LbL film content over these spray conditions, in contrast to the equilibrium-controlled mass content usually observed with dip-LbL with appropriately long dipping times. The tetralayer films were assembled with spray times of 3 seconds maintained for each film component but at three assembly pH values. At pH 6.0, the PAH and PAA are both highly ionized when deposited at the film interface based on their respective pKa values (PAA pKa = 6.0-6.5; PAH pKa = 8.0-9.0 63 ), which results in very thin, dense polymer layers being deposited.
On average, the dry thickness for (PAH/PAA/PAH/LAP) pH 6.0 films was 2.6 nm per tetralayer, similar to what was observed for the (PDAC/LAP) 3s:3s assembly conditions (Figure 2b ). The clay content of these two films were also statistically indistinguishable (Table 1) To show the impact of the cross-linking under aqueous conditions, spectroscopic ellipsometry was used on 20 bilayer and tetralayer samples to evaluate the degree of swelling in both in the untreated and cross-linked state ( Table 2 ). The uncross-linked (PAH/PAA) pH 5.0 films were observed to significantly swell as the films undergo a significant pH shift from the assembly conditions as well as have more free amine and carboxylic acid groups present to form hydrogen bonds with water molecules. The composite bilayer of (PAH/LAP) swelled approximately 62% upon exposure to DI water, significantly less than the polyelectrolyte (PAH/PAA) pH 5.0 films. Cross-linking reduced the observed film swelling to roughly 10-15% regardless of assembly pH. This suggests that the covalent bonds formed during the crosslinking process both reduce the number of free amine and carboxylic acid groups that can interact with water and physically constrain the swelling of the film. It is also notable that the overall clay content of the film does not directly correlate to its performance in the salt rejection trials. The best performing film, the (PAH/PAA/PAH/LAP) pH 5.0 film, had an average clay content of 38% and a salt rejection of 89%. Extremely high clay content films assembled via the (PDAC/LAP) method perform similarly with regards to water permeation, but were more brittle due to the high clay content, and thus more susceptible to critical defect formation during RO, with a 83% clay membrane only rejecting 10% of salt ions.
This demonstrates the importance of the cross-linked polymeric matrix that reduces the brittleness of the film; these cross-links fortify the polymeric matrix encompassing the clay platelets, and prevent the formation of cracking and critical faults under in situ RO conditions.
The film architecture without clay, the (PAH/PAA) bilayer architecture, only exhibited 53% salt rejection. This is indicative of a swollen polymeric matrix that does not serve as an effective barrier to solvated ion diffusion due to the lack of size exclusion-driven rejection through the nano-channels present in the clay composite films. To better illustrate the trade-off between increased water permeability and salt rejection, the salt and water permeation data is plotted against each other (Figure 6c ). 
Conclusion
In this report, we have demonstrated the effectiveness of using LAP clay in spray-LbL assembled selective layers for RO membranes in both a strong polyelectrolyte film architecture, (PDAC/LAP), and a weak polyelectrolyte film architecture, (PAH/PAA/PAH/LAP). The physical and permeability properties of these two architectures were characterized and compared.
The calculated water permeability through the Spiegler-Kedem model for all LbL-assembled composite thin films was between one and two orders of magnitude greater than what was observed for commercially-available thin film composite RO membranes. The salt rejection measured for un-crosslinked bilayer (PDAC/LAP) films was between 10% and 28% and for the cross-linked tetralayer (PAH/PAA/PAH/LAP) films was between 46% and 89%, with the greatest salt rejection observed for films assembled at pH 5.0.
The (PDAC/LAP) composite bilayer film architectures were too brittle under in situ RO conditions and formed critical defects during operation. These defects were effectively eliminated by the introduction of a cross-linkable polymer matrix of PAH and PAA that reduced brittleness and film swelling under aqueous conditions, which made the composite films more mechanically tough and maintained the nano-channels between platelet layers. We hypothesize that the selective salt rejection and high water permeability is the result of a combination of two transport mechanisms: a size-exclusion transport mechanism that hinders the flow of solvated ions between clay layers to a greater degree than individual water molecules, and charge interactions between the polyelectrolytes and the solvated ions in the selective layer. We attribute the efficacy of the pH 5.0 tetralayer architecture over the pH 6.0 to the increased degree of cross-linking via free carboxylic acid groups which strengthens the polymeric matrix, as well as the enhanced presence of free carboxylic acid groups that may act as hydrated regions to further enhance water permeability while retarding ion transport.
Interestingly, although the (PDAC/LAP) films have higher clay content than the tetralayer (PAH/PAA/PAH/LAP) films and naively one would predict a greater degree of tortuosity for these films leading to an increase in salt selectivity, a more complicated trend was observed. This was due to the high rate of defect formation observed for the (PDAC/LAP) bilayer films under RO conditions, which was reduced through increasing the polymer content of the film and forming a strong polymeric matrix through thermal cross-linking. However, given the polymer (PAH/PAA) bilayer films exhibited 53% salt rejection, there is necessarily an optimal value for maximizing salt rejection as a function of clay content. Of the film architectures investigated, the best performing film was tetralayer pH 5.0 film with an average clay content of 38%, a degree of incorporation that is difficult to achieve with other assembly methods but is attainable through spray-LbL assembly.
These findings represent an opportunity for further development of LbL-assembled clay composite formulations that can be adapted to water filtration applications. Furthermore, if the fouling properties were characterized or dedicated antifouling layers were introduced, these highflux clay composite membranes could provide a high throughput alternative for wastewater and brackish water treatment and potentially for forward osmosis applications.
Experimental Section
Materials. 
Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.
